+ Model

Available online at www.sciencedirect.com

Fundamental and Molecular
Mechanisms of Mutagenesis

¥ 157N
ELSEVIER Mutation Research xxx (2005) Xxx—xxx

) www.elsevier.com/locate/molmut
Community address: www.elsevier.com/locate/mutres

SMC1 inhibition results in FRA3B expression but has
no effect on its delayed replication

Maria Luisa FocarelR, Cristina Montagn8, Roberto Colomb#,
Thomas Ried, Paolo Vezzor#t, Antonio Musio™*

a Istituto di Tecnologie Biomediche, Consiglio Nazionale delle Ricerche, Dipartimento Genoma Umano,
Via Fratelli Cervi, 93, 20090 Segrate, Milan, Italy
b Department of Pathology, Albert Einstein College of Medicine, Bronx, NY 10461, USA
¢ Laboratorio di Biologia Molecolare e Genetica Umana, Universita Cattolica del Sacro Cuore, Milan, Italy
d Genetics Branch, Center for Cancer Research, National Cancer Institute/NIH, Bethesda, MD 20892-8010, USA

Received 2 June 2005; received in revised form 25 August 2005; accepted 14 September 2005

Abstract

Cellular processes involved in fragile site expression have been investigated by studying the effect on the replication pattern of
the commonest fragile site FRA3B of RNA interference (RNAi)-mediated sister maintenance chromost@ Lithibition in
normal human fibroblasts. Replication timing of FRA3B in ®as studied by bromodeoxyuridine (BrdU) labeling for the final
2 h of cell culture whereas in the S phase was investigated by a fluorescence in situ hybridization (FISH)-based approach throug!
the analysis of clones spanning the FRA3B region. Results showed that FRA3B is normally late replicated even though it is not
expressed in untreated cells. On the other hamt; 7 inhibition leads to FRA3B expression even if the percent of late replicated
cells is comparable to control cells. These results obtained by analysing the commonest fragile site sug@ést thiatys a role
in protecting late replicating regions from stresses occurring in the final steps of genome replication and that delayed replication is
necessary but not sufficient for inducing fragile site expression.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction their involvement in tumorigenesis. This notion is sup-
o _ ported by the observations that some of them map to
Fragile sites are breakage-prone regions on humancancer breakpoin{d,2] and are general targets of many
chromosomes, which result when cells are exposed to mutagens and carcinogefg4]. The majority of com-
specific chemical agents or tissue culture condition. They mon fragile sites are induced by aphidicolin, an inhibitor
are divided into two classes, rare and common, on the of DNA polymerasey, ¢ andd [5—7]and their frequency
basis of their relative occurrence inthe population. Com- increase after caffeine or campthotecin treatment, the lat-
mon fragile sites have drawn considerable attention for ter being able to also induce new fragile sif8k Five
common fragile sites, namely, FRA3B, FRAGE, FRA7G,
"~ Corresponding author. Tel.: +39 02 26422632 FRA?H and FRA16D, have been clone_d and character-
fax: +39 02 26422660. ized and they span from hundreds of kilobases to 4 Mb
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Among fragile sites, FRA3B is the commonest in
humans. FRA3B is spanned by the fragile histidine triad
(FHIT) gene, which codes for a diadenosine polyphos-
phate hydrolase (reviewed [8]). Much evidence sup-
ports the association of FRA3B with tumorigenesis.
FRA3B is a target of many mutagens and carcino-
gens known to act via different molecular mechanisms,
including nucleotide alkylating agents, DNA replication
or transcription inhibitors and hypomethylating agents
[11]. Furthermore, subjects professionally exposed to
pesticides have increased fragility at FRA3B suggesting
that its expression is influenced by environmental factors
[3]. FRA3B is, also, involved in chromosomal aberra-
tions undistinguishable from those occurring in tumor
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ysis of clones spanning the FRA3B region. Our results
confirm that FRA3B is normally replicated late and that
in untreated cells this is not sufficient for fragile site
expression. On the other harsd/C1 inhibition induces
FRA3B expression even in the absence of a delayed
replication. SinceSMCI has been implicated in £8M
checkpoint in attaxia telangiectasia and Rad3-related
(ATR)-dependent manner, our data suggestsShat/
could play a pivotal role in the last events of normal
replication, such as termination of DNA replication.
In this regard, either a prolonged stress, resulting from
APH exposure, or aSMC1 function defect could lead
to fragile site expression due to checkpoint failure.

cells. FHIT is expressed in most normal tissue whereas 2. Material and methods

its expression is altered in tumors such as lung, colon,
breast and ovary (reviewed [8]). Inactivation of FHIT

is one of the most frequent alterations found in tumors.
For example, it is the target of a reciprocal translocation
t(3;20)(p14;p11) in a breast tumor cell line leading to

loss of FHIT expressiofiL2]. It has been suggested that

FHIT acts as atumor suppressor by modulating the apop-

totic proces$13]. In spite of these extensive studies, the
molecular basis for FRA3B expression is still unclear.
The understanding of the molecular basis of fragility at
FRAZ3B, therefore, might help us to gain a better insight
into tumorigenesis.

Recently, we showed that inhibition of sister main-
tenance chromosome FMCI) by RNA interference
(RNAI) or antisense oligonucleotides, are sufficient
to induce chromosomal aberrations in normal human
fibroblasts, most of which are located at fragile site
chromosome bands. Aphidicolin (APH) pluVC1
inhibition increased aberration frequency, due to the syn-
ergistic effect of the two treatmenf$4,15] Smcl is a
subunit of cohesin, a protein complex, which consists of
Smc1, Smc3 and two non-Smc subunits (Sccl and Scc3)

plex is required for postreplicative double strand breaks
(DSBS) repair inSaccharomyces cerevisiae [16—19]
Several reports suggest that fragile sites could
be late-replicating regiong8,20-23] To elucidate
the mechanisms involved in FRA3B expression, we
analysed the replication pattern of the common fragile
site FRA3B afterSMCI inhibition by RNAi. Repli-
cation timing of FRA3B was studied by two different
approaches. Replication ino(@hase was visualized by
labeling fibroblasts with bromodeoxyuridine (BrdU)
for the last 2h of cell culture whereas replication in

2.1. Cell culture

Normal primary human fibroblasts were grown in Dul-
becco’s minimal essential medium (DMEM, Gibco BRL) sup-
plemented with 10% fetal calf serum and antibiotics in a humid-
ified 5% CQ atmosphere.

2.2. RNAi synthesis, cell treatment and fragile site
expression

RNAI corresponding taSMCI mRNAs was designed as
recommended24] with two base overhangs. The following
gene-specific sequence was used: RSME€7, 5-AUC UCA
UGG AUG CCA UCA G dTT-3. Scrambled RNA was con-
structed as control. Cells (at 40—60% confluence) were trans-
fected with RNAIs by using siPort Amine (Ambion) or treated
with APH (0.4u.M) for 26 h, alone or in combination with
SMCI inhibitor.

2.3. Cytogenetic analysis

Exponentially growing fibroblasts were treated with col-

. -cemid (0.05.g/ml, Gibco BRL), harvested, incubated with
The Smc1-Smc3 heterodimer has also been found to pro-

mote repair of gaps and deletions and the cohesin com-

KCI 0.075M and fixed in methanol:acetic acid (3:1). Chro-
mosome preparations were G-banded according to the trypsin
standard digestion procedure.

2.4. Visualization of late replication in FRA3B

The visualization of late replication in the FRA3B region
was performed according to a published protocol with minor
modificationg20]. Cells were labeled with BrdU at a final con-
centration of 1QuM for the last 2 h of cell culture. Metaphase
spreads were denaturated by incubation for 2min in a mix-
ture of ethanol/0.1 M NaOH (2:5). The denaturated slides were
then permeabilized with 5% TritonX100 in PBS for 5 min fol-
lowed by incubation with 3% bovine serum albumin (BSA) for

the S phase was investigated with a fluorescence in situ3o min. The slides were incubated with anti-BrdU antibody in

hybridization (FISH)-based approach through the anal-

1% BSA in PBS. After three washings with PBS, slides were
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incubated with fluorescein-labeled anti-mouse IgG for 1 h. The 3. Results and discussion
slides were then washed three times with PBS and counter-

stained with 46'-diamidino-2-phenylindole (DAPI) allowing Recently, we showed than/C1 inhibition by RNAI

the identification of chromosomes. leads to fragile site expressidi4]. Indeed, on the
most frequently expressed fragile site FRA3B occurred

2.5. Probes as 15.4% (4/26) of the aberrations and this frequency

30G4 and 94D19 are RP-11 BAC clones (Research Genet- increased tq 21.2% (38/179) after APH p]us RNAI-
ics) that map to the FRA3B “active regioff0]. Q2A2, D13C2 SMC1 Cf_’mb'r?ed treatmer{ﬂ.4]. Here, to _eIUCIdate th?
and Q71A3, cosmid clones from the acute myeloid leukemia 1 Mechanisms involved in FRA3B expression, we studied,
(AML1) gene, as control region, were obtained from the Insti- Using two differentapproaches, its replication status after

tute for Molecular Biotechnology (Jena, Germany). SMC1 inhibition. First, normal human fibroblasts were
labeled with BrdU for the last 2 h of cell culture and indi-
2.6. Fluorescence in situ hybridization rect immunofluorescence was used for detecting BrdU

_ _ _ _ in metaphases. Since BrdU is incorporated into DNA 2 h
Probes were labeled by nick translation using directly pefore preparing metaphases, the BrdU-positive regions
labeled nucleotide (Vysis) or biotin-16-dUTP or digoxigenin-  q|d represent late replicating regions of the genome.
11-dUTP (Roche). Biotin- and digoxigenin-labeled probes ;0 a10q cells showed 8% late replication signals and

were detected by FITC-conjugated avidin and rhodamine- o -
conjugated antibodies, respectively. Cellsin S phase were iden-_a C_or_n_parable rate (10%) was found affafCI-RNAI
inhibition. On the contrary, after APH treatment alone

tified by BrdU incorporation (Becton Dickson). Nuclei were ) . 5
counterstained with DAPI. The slides were examined using thiS percentage increased to 20%=0.02, x°-test)

an epifluorescence microscope (DMRXA, Leica). 300 nuclei While a further increase (35%) was seen with APH plus
were scored for the presence of two singlet signals (SS), one RNAi-SMC1 combined treatmenP(< 10-3; Fig. 1A and
single and one double signal (SD), or two signal doublets (DD). Table J).

Fig. 1. Late replication in the FRA3B region. (A) BrdU labeled DNA detected by an immunofluorescent procedure representing late replication
region, (B) S phase nucleus in which FRA3B has completed replication revealing two sets of signal doublets, (C) immunostaining showing
asynchronous replication with a single and a doublet signal and (D) immunostaining showing two unreplicated FRA3B alleles with SS signals.



+ Model

4

Table 1
Late replication on chromosome 3 visualized as a BrdU-incorporating
region

Signals P
Control 8
Control scrambled RNASMC1 7 n.s
APH 20 0.02
RNAI-SMC1 10 n.s
APH plus RNAiSMCI 35 <1073

n.s. = not significant.

In addition to G replication, we studied the FRA3B
replication timing status in the S phase with a differ-
ent FISH-based approach through the analysis of clones
spanning the FRA3B region. In untreated cells, depend-
ing on the probe used for the analysis, the percentage
of nuclei showing DD ranged from 31 to 38%, while
the percentage of cells with SD signals ranged from
22 to 31% and that of SS signals was between 38 and
40%. Similar data was found also aft&¥/C1 inhibi-
tion. In fact, the percentage ranged from 32 to 40 for
DD, from 22 to 27 for SD and from 38 to 41 for SS
signals. As expected, treatment with APH induced an
increase in cells showing both SS and SD signals. In
fact, they ranged from 41 to 46% for SS and from
26 to 29% for SD. Combined treatment (APH plus
RNAI-SMC1) led to a further increase, with the per-
centage of cells showing SS ranging from 50 to 55%
and that of SD ranging from 30 to 32%i§. 1B-D
andFig. 2A). The analysis of AML1 clones, used as a
control region, showed that most alleles were normally
replicated and treatment with APH, alone or combined
with RNAi-SMC1, had no effect Eig. 2B). Statistical
analysis showed a highly significant difference in sig-
nal distribution for both APH and APH plus RNAI-
SMCI between FRA3B and control clones (in both cases,
P<1073).

Here, by detecting BrdU labeled DNA, we show that
FRA3B, the commonest fragile site in humans, is nor-
mally late replicating, confirming previous d22] and
thatSMC1 inhibition does not lead to an increase in late
replication events, even if the treatment induced FRA3B
expression. On the contrary, an increase in cells with
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Fig. 2. Asynchronous replication pattern along the FRA3B in S phase
cells by in situ hybridization in normal human fibroblasts. (A) Per-
centage of alleles showing SS, SD and DD signal in untreated, APH
treated and APH plus RNASMC] treated cells by using 30G4 and
94D19 clones as probes and (B) the same analysis was performed
through Q2A2, D13C2 and Q71A3 clones as early replicated control
region.

On the other hand, the finding thad/C1I led to
FRA3B expression without delayed replication allows
us to gain new insight into fragile site expression.

In addition to chromosome cohesidid/C1 has been
recently implicated in DNA repair and chromosome
dynamics[16,17] SMCI is a component of the DNA
damage response that acts as a downstream effector in
the ATR checkpoint pathway. In fasM/C1 was recently
shown to be a target of the ATR kinase acting through
phosphorylation of Ser966 occurring in an ATR depen-
dent manner after APH treatmdt#]. Experiments per-
formed on arsMC1 phosphorylation-deficient, from an

delayed replication was seen with APH treatment. The As mouse knockout, and with cell lines deriving from

combined treatment (APH plus RNA#CI) resulted in

Seckel syndrome showed a high frequency of chromo-

a further reduction of DD and DS signals. These obser- some aberrations. In addition, very low doses of APH
vations further support the suggestion that conditions are required to induce fragile sites suggesting that both
for fragile sites expression require a delayed replication these genes play a role in stabilizing stalled replication
leading to incomplete chromosome condensation thus forks [25—-27] In our experimental conditions, FRA3B
resulting in gaps or breaks for the experimental condi- expression, afteSMC1 inhibition, could be linked to
tions used. physiologic processes requiring residual DNA synthesis.
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Although these steps are not completely clear, termina- [7] T.A. Navas, Z. Zhou, S.J. Elledge, DNA polymerase epsilon links
tion of DNA replication could be involved. Up to now, the DNA replication machinery to the S phase checkpoint, Cell
all characterized common fragile sites cover a large por- 80 (1995) 29-39. ) ) )
tion of the aenome. from 1 to 4Mt9 10), and it is [8] I. Sbrana, P. Zavattari, R. Barale, A. Musio, Common fragile
g ! . 1= . sites on human chromosomes represent transcriptionally active
presgmgpl_e that several replicons fall in these regions. regions: evidence from campthothecin, Hum. Genet. 102 (1998)
The inhibition of SMC1 could lead to the bypassing of 409-414.
the G/M checkpoint, with cells proceeding to mitosis [9] K. Huebner, CM Croce, Fra3b and other common fragile sites:
with many un- or under-replicated regions. Alternatively, the weakest links, Nature Rev. Cancer 1 (2001) 214-221.

. S [10] N.A. Becker, E.C. Thorland, S.R. Denison, L.A. Phillips, D.I.
SMCTI could play a structural role in maintaining the sta- Smith, Evidence that instability within FRA3B extends four

bility of late replicating regions. In this regard, either a megabases, Oncogene 21 (2002) 8713-8722.
prolonged stress causing a collapse of stalled replication[11] J.J. Yunis, A.L. Soreng, A.E. Bowe, Fragile sites are targets of
forks, resulting from APH exposure, or 8MCI func- diverse mutagens and carcinogens, Oncogene 1 (1987) 59-69.

tion defect could lead to fragile site expression due to [12] C. Popovici, C. Basset, F. Bertucci, B. Orsetti, J. Adelaide, M.J.
checkpoint failure Mozziconacci, N. Conte, A. Murati, C. Ginestier, E. Charafe-

; . . Jauffret, S.P. Ethier, M. Lafage-Pochitaloff, C. Theillet, D. Birn-
In conclusion, fragile sites could be the consequence baum, M. Chaffanet, Reciprocal translocations in breast tumor
of a large genome replication such as the human one. In cell lines: cloning of a t(3;20) that targets the FHIT gene, Genes
this regard SMC1, playing a role both in chromosome Chrom. Cancer 35 (2002) 204-208. _ _
structure and DNA repair, could protect these late repli- [13] L.Roz, M. Gramegna, H. Ishii, C.M. Croce, G. Sozzi, Restoration

. . . of fragile histidine triad (FHIT) expression induces apoptosis and
cating regions from damage due to stalled forks of which suppresses tumorigenicity in lung and cervical cancer cell lines,

fragile sites are the cytogenetic expression. Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 3615-3620.
[14] A. Musio, C. Montagna, T. Mariani, M. Tilenni, M.L. Focarelli,
L. Brait, E. Indino, P.A. Benedetti, L. Chessa, A. Albertini, T.
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